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The injection of gas in a liquid-saturated granular bed gives rise to a wide variety of
invasion patterns. Many studies have focused on constrained porous media, in which
the grains are fixed in the bed and only the interstitial fluid flows when the gas invades
the system. With a free upper boundary, however, the grains can be entrained by
the ascending gas or fluid motion, and the competition between the upward motion
of grains and sedimentation leads to new patterns. We propose a brief review of
the experimental investigation of the dynamics of air rising through a water-saturated,
unconstrained granular bed, in both two and three dimensions. After describing the
invasion pattern at short and long time, a tentative regime-diagram is proposed. We
report original results showing a dependence of the fluidized zone shape, at long
times, on the injection flow rate and grain size. A method based on image analysis
makes it possible to detect not only the fluidized zone profile in the stationary regime,
but also to follow the transient dynamics of its formation. Finally, we describe the
degassing dynamics inside the fluidized zone, in the stationary regime. Depending on the
experimental conditions, regular bubbling, continuous degassing, intermittent regime or
even spontaneous flow-to-fracture transition are observed.
Keywords: granular media, saturated beds, three-phase flows, fluidization, patterns, fracture
1. Introduction
A fluid (liquid or gas) crossing an immersed granular medium is a process widely encountered in
nature, and often referred to as “venting.” It includes a large variety of phenomena such as methane
venting [1], hydraulic fractures [2–4], pockmarks [5–7], hydrothermal complexes [8, 9], kimberlite
pipes [10–12] or mud volcanoes [13–16]. Since the 90’s, the technique of air sparging has also been
developed. It consists of injecting gases into the saturated zone in the subsurface, in order to remove
water contamination by volatile compounds [17–21]. Understanding these processes is important
not only for economy and ecology, but also for the mitigation of natural hazards. Indeed, quick
fluidization due to fluid venting is often associated with catastrophic events such as soil liquefaction
[22], volcaniclastic events [10, 11] or, at a larger scale, global warming [23, 24].
Many studies have been performed in two-phase systems to analyze the mechanisms at
play in the fluid venting process, either for dry (gas/grains) [25, 26] or wet (liquid/grains)
[16, 22, 27, 28] beds. For unconstrained beds, where the grains are likely to move and their
free surface to deform, different patterns have been thoroughly described when changing the
fluid injection flow-rate, Q, in the granular matrix. For low flow-rate, the grains remain at
rest and the fluid percolates the medium—as a rigid porous medium. For intermediate Q,
the granular bed deforms and develops instabilities and microchannels, but the macroscopic
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flow-rate still obeys Darcy’s law. Finally, for high flow-rate, the
sample exhibits hydraulic failure, with pipe formation leading to
a partial liquefaction of the system [16, 22, 27, 28]. However,
many natural phenomena involve a three-phase flow. Typical
examples are gas discharge by submarine mud volcanoes [29],
or pockmarks [6]. In both cases, gas escapes from a saturated
granular matrix—seafloor sediments for pockmarks or dense
particle suspension for mud volcanoes. Extensive modeling for
gas injection in a saturated, rigid porous medium has been
performed in the last 20 years, both with and without the
presence of heterogeneities in the system (see for instance [2, 30–
35], a tentative phase diagram by Geistlinger et al. [36], and
references within). When the medium is deformable, however,
complex patterns may arise from the interaction between the
fluid flow and the grains motion [37, 38]. In particular, in the
dense regime, frictional contacts play a central role, and govern
the macroscopic behavior of the granular bed.
Laboratory experiments are ideal tools to investigate the
parameters governing the complex dynamics of three-phase
systems. In the recent years, a thorough description of the
patterns and hydrodynamic regimes have been reported for
systems where gas is injected in a saturated granular medium. For
injection at a fixed overpressure and grain compacity in a quasi-
bidimensional (Hele-Shaw) cell, a transition has been reported
between the viscous and frictional regimes [39], or between
a Saffman-Taylor instability, dense suspension fracturing and
fingering in a fixed porous medium [40]. When the compacity
is not constrained, and the cell gap varies, more regimes can be
found, exhibiting a strong coupling between the fluid and grain
flows, as well as an expansion and fluidization of the granular bed
[41]. Gravity, however, did not play a strong role in these systems,
consisting mainly of a horizontal Hele-Shaw cell.
In this work, we investigate the dynamics of buoyancy-
driven, unconstrained, three-phase systems. First, we summarize
previous results describing the different regimes when air is
injected at the bottom of a vertical Hele-Shaw cell filled with
FIGURE 1 | Experimental setup, 3D (A) or 2D (B). Air is injected at
constant flow rate, Q, through a nozzle at the base of the immersed granular
bed, via a dry chamber (volume Vc). Direct visualization from top (3D) or side
(2D) is achieved by means of webcams. In some experiments, we can
monitor simultaneously the overpressure 1P in the chamber, which provides
indication on the system dynamics.
a granular material immersed in water [18, 21, 37, 38, 42–44],
and propose a tentative regime diagram. As already reported in
the literature, the fluidized zone exhibits a parabolic shape, in
the stationary regime, for most of the experimental parameters.
However, contrary to previous results, we report a dependence of
this shape on the air injection flow-rate and grain size, for larger
grains. In addition, the final shape departs from the classical
parabola for the largest grains. After a brief description of the
transient, we focus on the air dynamics inside the fluidized zone,
in the stationary regime. We propose a regime diagram for 3D
systems, and report a peculiar flow-to-fracture transition in the
2D cell. Finally, we discuss the dimensionless numbers previously
introduced in the literature, predicting the dynamics of the
system. We underline the major role played by the polydispersity
in the invasion process.
2. Materials and Methods
The experimental setup (Figure 1) consists of a 3D cell (plexiglas
cylinder, 7.4 cm in diameter) or 2D vertical Hele-Shaw cell (glass
plates 40×30 cm, gap 2mm). The cell is filled with spherical glass
beads (USF Matrasur or Wheelabrator), sieved to achieve typical
diameter ranges from 200–250 µm up to 710–965 µm (the grain
diameter ranges are given for each result in the next sections). For
each batch, we systematically measure the grain size distribution
by means of a microscope. Typically, a thousand grains are
considered for each batch, and the grain size distribution is
fitted by a gaussian, which fairly accounts for the shape of the
distribution for most grain batches. The central value provides
the typical grain diameter, d, whereas the standard deviation
quantifies the typical size dispersion. Measurements are given in
Table 1 for the grains used in the 2D experiment. Note that in the
following, we refer either to the grain batch (e.g., “250–425 µm”)
or to the typical grain size (e.g., “318 ± 44 µm”). The granular
layer is immersed under water. In the 3D experiment, we stir the
grains vigorously with a paddle to remove the gas bubbles trapped
Frontiers in Physics | www.frontiersin.org 2 June 2015 | Volume 3 | Article 44
Varas et al. Flow patterns in saturated sands
in the bed. In the 2D experiment, the cell is completely filled
with water, then closed and turned upside-down. Right before
a total sedimentation, it is flipped back to its original position,
and the water is removed up to a given height. The free surface
of the grains is then smoothed gently with a thin pole (in 2D)
or a squegee (in 3D). hg denotes the grain layer height, and hw
the water layer height above the grains free surface, respectively
(Figure 1). In all the experiments, hw ≃ 2 cm, small enough to
avoid grain advection over large distances in the water layer, and
the subsequent crater formation at the bed free surface [45].
Air is injected at constant flow-rate, Q, into a dry chamber
(volume Vc), connected to a nozzle of inner diameter 1mm,
localized at the bottom center of the cell. The constant flow-
rate is set either by means of a valve and capillary tube (1.5 ≤
Q ≤ 4.3mL/s) or with a mass-flow controller (Bronkhorst,
Mass-Stream Series D-5111, 0.17 ≤ Q ≤ 3.3mL/s). In
some experiments, the pressure variations in the chamber is
also monitored with a pressure sensor (MKS Instruments, 223
BD-00010 AB) connected to an acquisition board (National
Instruments, PCI-6251), with a sensitivity of about 10 Pa.
Illumination of the surface (in 3D) or the bulk (in 2D) is achieved
with a transparency flat viewer (Just NormLicht, Classic Line)
or with an array of LED lights, which ensure a homogeneous
light. Images are recorded by a webcam (Logitech QuickCam
TABLE 1 | Grain size and theoretical predictions for the characteristic
length D describing the extension of the fluidized zone (2D experiment).
Grain batch d [µm] χ D [cm]
[µm] (Measured) (Estimated) (From theory)
200–250 218± 17 15–150 0.3–3.3
250–425 318± 44 7–70 0.2–2.2
600–710 631± 37 2–18 0.1–1.1
710–960 802± 68 1–11 0.09–0.9
FIGURE 2 | Tentative regime diagram of the invasion pattern
dynamics as a function of the injected flow-rate, Q, and the total
volume of gas V(t) which has crossed the system at time t. The
light red zone indicates the region where the initial invasion regime
(percolation or fracture) cannot be predicted [images from the grain
batch 250–425µm, hg = 22 cm, hw = 2 cm, Q = 0.43mL/s (bottom
images) and Q = 2.17mL/s (top images); the white dashed lines indicate
the fluidized zone boundary].
Express, 2D experiment and Logitech QuickCam S7500, 3D
experiment) or by a camera PixeLINK, model PL-B741U, 1280×
800 px2. Continuous or time-lapse acquisition is performed to
capture either the quick degassing dynamics or the evolution
of the system over long time-scales, by means of either a free
software (Astra ImageWebcamVideo Grabber), or the PixeLINK
camera software. The images are then analyzed with Matlab
(MathWorksr).
3. Results
3.1. Invasion Patterns
3.1.1. Tentative Regime Diagram
First, we focus on the 2D experiment, which makes it possible
to directly visualize the air patterns in the immersed granular
bed. At short times, two different invasion patterns are observed,
depending on the injected flow-rate Q. At low flow-rate, the
pressure and/or buoyancy in the system is not enough to lift
the grains and the air percolates the immersed granular layer,
without moving significantly the grains (Figure 2, bottom left
picture). The pattern develops several branches, which can reach
the surface. The pressure loss in the percolating channels is much
larger than the pressure drop associated with a bubble emission at
the surface. Consequently, we can observe simultaneous bubble
emissions at the free surface. At high flow-rate, a fracture opens,
which propagates quickly toward the surface (Figure 2, top left
picture). The side branches of this pattern are less pronounced,
as the upper fracture tip always propagates at a larger speed, due
to the strong vertical pressure gradient between the finger tip and
the free surface. When reaching the surface, the bubble emission
generates a large pressure drop in the fracture, and a subsequent
collapse of its walls. Under continuous injection, another fracture
opens, not necessarily following the same path.
It is interesting to note that the transition between percolation
and fracture, at short times, is not clearly defined. Indeed, for
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a given range of intermediate Q, it is not possible to predict
the invasion pattern. This indetermination, already reported in
Varas et al. [44] with a tilted experimental cell, is due to the local
heterogeneities in the system. Indeed, both the polydispersity of
the grains batch and the layer preparation (resulting in different
local packing fraction) make the system slightly different from
one experiment to the other, although the grains sample and the
global packing fraction are the same.
At long time (typically, between a few hours and a few tens of
hours, depending on the flow-rate), a fluidized zone is formed at
the center of the cell [38], clearly visible in the 2D Hele-Shaw cell
(Figure 2, right). Although it is not possible to visualize it directly
in the 3D experiment, mapping the air location at the free surface
of the granular layer also provided a good description of the
region invaded by the air, as a function of the bed height [42]. For
most experiments, the stationary shape of the fluidized zone is a
parabola. This parabolic shape has already been described in the
literature [17, 21, 37, 46], although for many years a cone-shape
invasion zone has also been reported [17]. More recent works
have pointed out the robustness of the parabolic shape, whichever
the initial invasion regime, i.e., whichever the injection flow-rate,
both in 2D and 3D experiments [42–44]. Based on these results
and our experiments, we propose the tentative diagram displayed
in Figure 2, where for a given immersed granular bed, the state
of the system will be mainly governed by the injection flow rate,
Q, as well as the volume of gas V(t) which has crossed the grain
layer at time t.
A simple analytical model can account for the final parabolic
shape [42] and its independence on the flow rate. It points
out that the dynamics of the system is governed by a single
dimensionless parameter:
χ = σp
ρgd
(1)
where ρ is the water density, g the gravitational acceleration and
d the typical grain diameter; σp is the width of the distribution
of the capillary overpressures in the system. In other words,
the parameter χ compares the width of the distribution of the
capillary overpressure associated with the passage of air between
the immersed grains, σp, to the typical hydrostatic pressure
variation over the grain size, ρgd. The width of the distribution
of the capillary overpressure in the system can be written σp ∼
wγ /d, where w is the typical relative variation of the pores size
and γ is the air-water surface tension. Therefore,
χ = wγ
ρgd2
. (2)
The geometry of the air paths in the system are well-reproduced
by a 2D numerical model [43], which captures both the branches
morphology as a function of the parameter χ , and the typical
contour of the region invaded by the gas. For a given batch of
grains, when the parameter χ increases, the air path extends
laterally and the typical contour of the invaded region widens.
We do not detail here these results that are thoroughly discussed
in previous articles [43, 44]. In Section 4, we further discuss the
parameter χ and compare it to the classical Bond and modified
Bond numbers, previously introduced in the literature to describe
the dynamics of fluid invasion in porous media.
3.1.2. Dependence on Q and d
The experiments reported in this article explore a larger range
of grains diameter than in former studies. In order to detect
precisely the contour of the fluidized zone, we propose a new
method based on the global tracking of motion in the system,
for the 2D experiment. We consider the absolute difference in
the intensity of two consecutive images, Mk = |Ik+1 − Ik|.
The matrix Mk can contain either zero (no motion) or non-zero
elements, the latter corresponding to regions where a motion
occurred in the system—due either to air or grain motion. The
generation of the fluidized zone can be seen as a cumulative
process due to the continuous emission of gas through the
system. Therefore, its dynamics is generally slow, and requires
to accumulate information over time to enhance the contrast and
detect correctly its contour. We define the flow density, ρn(x, z),
as the sum of consecutive image differences Mk:
ρn(x, z) =
n−1∑
k= 1
M k =
n−1∑
k= 1
∣∣Ik+1 − Ik∣∣ . (3)
The normalized flow density, ρ = ρn/max(ρn), provides a
quantification of the average motion in the granular bed. The
contour of the fluidized zone is then determined by imposing a
low threshold value, typically ρ < 0.1, which makes it possible to
detect the boundary between the outer zone, where the grains do
not move significantly, and the central fluidized zone.
Figure 3 displays the flow density for all the grain diameters
and flow rates used in our experiments (16 experiments in total,
one final flow density image per experiment). For almost all
experiments, the stacking of successive image difference was
performed over 4000 images (time interval between successive
images 1t = 10 s, see legend in Figure 3). Note that it does
not represent an equal total volume crossing the medium for
the different flow rates, but rather a similar experiment duration.
Once the system is in stationary regime, the time over which the
images stacking is performed does not change much the result—
the longer the time, the better the contrast, but the contour of
the fluidized zone (FZ) remains the same. Interestingly, when the
grain size is increased (typically, for d > 250 µm), the contour
of the fluidized zone becomes slightly dependent on the flow-
rate Q. For the largest grain size (d = 710–965 µm), no fluidized
zone is formed at all for the lowest flow rate (see bottom left
picture, Figure 3). This can be explained by the fact that for larger
grains, the pore size increases, which favors percolation of the
granular bed by the air. In that case, it is harder to trigger the
grain motion and at low flow-rate, the medium resembles a rigid
porous medium.
Previous studies have described the fluidized zone (FZ)
parabolic contour by the equation |x| =
√
Dz, where D
can be seen as the analog of a diffusion coefficient—here, D
is a characteristic “diffusive” length [42]. Typically, in similar
experiments, D was found of the order of 4 cm [44]. Figure 4
displays an example of how to extract D from the experimental
data. In Figure 4A, the (x, z) FZ profile is shown for the grain
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FIGURE 3 | Normalized flow density, ρ, for all the parameters used
in our experiments. Each flow density image displayed here
corresponds to one experiment (16 experiments in total) [hg = 17 cm,
stacking over 4000 images (all except the bottom-left flow density
image) or 8000 images (bottom-left density image), 1t = 10 s between
successive images]. The color ranges from 0 (dark blue) to 1 (dark red).
Right and bottom: Fluidized zone boundary [threshold ρ = 0.1, light gray
to black: increasing Q or d]. Note that for the large grains (d =
710–965µm), no fluidized zone is formed at low flow rate
(Q = 0.16mL/s).
batch 250–425µm, and a flow-rate Q = 0.16mL/s. The FZ
contour is obtained by considering a threshold value for its
boundary, here ρ = 0.1. The horizontal distance to the injection
point at the center, |x|, is then displayed as a function of √z for
both the right and left FZ contour (Figure 4B), and a linear fit
gives the value of D. Note that the determination of D excludes
a small region close to the air inlet (z < 2mm), and just below
the free surface (z > 12 cm). Indeed, in these regions, boundary
effects are observed (blue regions, Figure 4). The coefficient D is
then calculated for all experiments.
The results are displayed in Figure 5. Note that the grain sizes
displayed in the figure correspond to the typical grain sizes (and
standard deviations) found from the gaussian fit of the grain
size distributions corresponding to each batch (see Section 2 and
Table 1). For smaller grains (batch 200–250µm), D ∼ 3–4 cm
and no significant variation is found as a function of the flow-
rate (Figure 5A), in agreement with previous results [44]. Note
that it is difficult to interpret the value of D for very low flow-
rate (Q < 0.5mL/s). Indeed, in that case, the air invasion is
mainly percolation and no clear grain motion is observed in
the fluidized zone, even over long time-scale. Nonetheless, up
to grain size of about 700µm, the flow density images, obtained
by stacking the successive image differences, displays a parabolic
contour (Figure 3). For the large grains, however, no parabolic
region is observed over the experimental observations—in that
particular case, the stacking was performed up to 8000 images,
corresponding roughly a 22 h experiment (Figure 3, bottom
left flow density image). For these parameters, therefore, the
coefficient D is undetermined.
For larger grain size (d > 250µm) and larger flow-rate (Q >
0.5mL/s), we report an increase of the fluidized zone extension
as a function of the flow-rate (Figure 5A). Table 1 gives the range
of χ and D expected from the theory, by using Equation (2) and
D ∼ dχ as given by numerical simulations [43]. For a granular
bed made of polydisperse grains, w is usually of the order of the
relative width of the size distribution [42]. This value, however,
is difficult to quantify precisely, and may strongly vary from one
batch to the other. We consider here a typical relative variation
of pore sizes ranging between w = 0.1 to 1. The upper limit of
D expected from the theory is of the order of the experimental
observations at low flow-rate (Q < 1mL/s). Note that, for Q =
0.66mL/s, we observe a widening of the fluidized zone (increase
of D) when the grain size decreases, as predicted by the model
with similar w for all batches. Variations of w depending on the
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grain batch may explain the value of the coefficient D larger for
d = 710–960µm than for d = 600–710µm. For other flow-rates,
no clear dependence is observed as a function of the average grain
size. The dependence on the flow-rate is not predicted by the
model.
Figure 5B summarize the results in the (d,Q) phase diagram,
where the marker size is proportional to the value ofD. Although
a parabolic contour is always observed in the flow density images
(except for the larger grains and lower flow-rate), it is interesting
to note that the dynamics in the granular bed varies a lot. For
small grains (typically, d < 425µm), in the stationary regime,
the fluidized zone is characterized by two convection rolls,
which entrain the grains upward in the central zone (together
with the air crossing the layer), and downward on both sides.
The fluidization, and thus the overall motion in the FZ, is
homogeneous. However, for larger grains (d > 600µm), a more
complex dynamics is observed. The fluidization is heterogeneous,
with lateral fracture opening intermittently—which explains the
increase in the flow density value inside the central zone (see
for example Figure 3, bottom right image). In that case, a
local fluidization, limited to a region right above the injection
point (typically, a couple of centimeters), is observed, while the
motion above mostly happens either through percolation, or
intermittent fracture opening. This dynamics strongly resembles
the formation of a “fluidized cavity” reported by Philippe and
Badiane [47], who injected liquid in liquid-saturated grains (two-
phase system), with grain size above 3 mm. The transition
between a fluidized zone dynamics mainly governed by grain
FIGURE 4 | Determination of the coefficient D characterizing the
parabolic shape of the fluidized zone, |x| =
√
Dz [grain batch
250–425µm, corresponding to a typical grain size d = 318± 44µm,
estimated with a gaussian fit (see text); Q = 0.16mL/s]. (A) Automatic
contour detection from the normalized flow density images shown in
Figure 3 [threshold ρ = 0.1]. The lower (z < 2mm) and upper (z > 12 cm)
zones (in blue) are excluded for the following fit, to avoid boundary effects
(mainly close to the surface). (B) Linear fit of the experimental data, |x| as a
function of
√
z [same data than (A)]. The right and left sides of the fluidized
zone are superimposed, and a single fit is performed. We only take into
account the experimental points in the central, white region. The parabola
coefficient, D, is directly extracted from the slope—here
√
D.
FIGURE 5 | (A) Coefficient D as a function of the injection flow-rate, Q, for
different grain size (only the average grain size is indicated here). (B) Diagram
of the parabolic contour determination (coefficient D) as a function of the
governing parameters, the injection flow-rate Q and the grain size d. The
marker size is proportional to D, and the horizontal error bar indicates the
grain size standard deviation for each batch. The blue shade indicates a
transition between a dynamics governed by a homogeneous grain
convection in the fluidized zone, for small grains (d < 425µm) to a more
complex regime where the fluidization is heterogeneous, and intermittent,
lateral fracture is observed in the fluidized zone (d > 600µm). The hatched
zone corresponds to parameters for which no fluidized zone formation was
observed over the experimental time.
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convection, or a local fluidization plus percolation and fracture
above, is not clear, and would require a more detailed study. It is
indicated qualitatively by the blue shade in Figure 5B.
3.2. Transient Dynamics: Growth of the Fluidized
Zone
After having characterized the properties of the fluidized zone
in the stationary regime, we briefly describe its formation in the
2D experiment. For grain size of 250–425µm, Varas et al. [44]
have shown that the fluidized zone develops from the free surface,
and grows downward until reaching the injection nozzle. The
authors reported a logarithmic growth of both the horizontal and
vertical extent of the fluidized central region. For larger grains
(d = 400–600µm), Kong et al. [38] pointed out the existence of
a threshold flow-rate, above which the fluidized region indeed
grows from the grains free surface, and reaches the orifice—in
that case, the authors state that the fluidization region accesses
the whole region initially explored by the tree-like percolation
pattern. Below this threshold flow-rate, the fluidization stops
“somewhere between the top of the packing and the orifice.” The
precise motion, however, is difficult to detect on the direct
images, and has to be guessed from the accelerated movie of the
experiment (see for instance Figure 5A of Varas et al. [44]). The
flow density determination, as described in Section 3.1, makes
it possible to clearly observe the transient dynamics of fluidized
zone formation (Figure 6).
At short time, it is interesting to note that the motion is not
limited to the later fluidized zone contour, but extends to a wider
region, mostly close to the surface. This is due to the formation
of microchannels or instabilities close to the free surface, when
the air explores the system at the beginning of the injection.
Later on, the motion concentrates in the central zone, until
being exclusively limited to this latter. The large motion at the
center is due to the repetitive air rise, which does not explore
anymore a wide region, but behaves as air rising in a fluid—the
central region can then be assimilated to a liquid-like granular
suspension. Note that this behavior is observed only for grain
diameter below 425µm (see above section).
In the following section, we will focus on the dynamics of air
crossing the fluidized zone, in the stationary regime.
3.3. Degassing in the Stationary Regime
3.3.1. Bubbles or Channels?
Few experiments have previously reported the dynamics of
gas rising in an unconstrained, saturated porous medium,
although the different patterns for rigid porous media have
been thoroughly discussed in the in-situ air sparging (ISAS)
literature [48]. In sand-sized porous media, Ji et al. [46] reported
experimentally that gas formed channels rather than discrete
bubbles or percolation (dendritic) networks. The formation of
air channels, as well as their migration, in unconstrained media
has been described by Kong et al. [37] in grains saturated with
a glycerine-water solution. A later work by the same authors
evidenced the existence of a meandering single channel, at
the center of the fluidized zone [38]. This irregular, oscillating
channel is formed by “several discrete elongated bubbles [...]
driven by their buoyant forces.” In a first attempt to characterize
better the air dynamics through the fluidized region, we
analyzed the signal monitored by the pressure sensor, close to
the injection nozzle, in the 3D experiment (Figure 1A). Two
different signals are registered. For low flow-rate, the pressure
signal exhibits a sawtooth shape, characteristic of successive
pressure increase, followed by bubble emission, which triggers
a sharp pressure drop (Figure 7A, up). For higher flow-rate,
bubble emission is still observed (sawtooth-shaped signal), but
from time to time, the pressure remains at a constant value
(Figure 7A, down). This is the signature of a channel, opening
from the injection nozzle through all the granular layer, and
emitting air continuously through the bed [49]. The pressure
value in this state can vary, depending on the pressure loss
in the channel, and can exhibit slow temporal variations, if
the channel remains open for a long time (up to a couple
of minutes in our experiments). After a time ranging from
less than a second up to a couple of minutes, the channel
collapses and the bubbling regime restarts. In this regime,
channels formation and collapse are observed intermittently.
FIGURE 6 | Formation of the fluidized zone [Q = 0.66mL/s,
d =250–425µm]. (A) Direct images from the experiment. (B) Normalized
flow density ρ obtained by stacking successive image differences from the
beginning of the experiment up to the time indicated above each image. The
white dashed line indicate the contour of the fluidized zone, found by using
the threshold ρ = 0.1 in the final image.
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This dynamics strongly resembles the degassing dynamics, in
the same experimental conditions (constant injection flow-
rate), through a layer of shear-thinning, viscoelastic fluid
[50–52].
In Figure 7B, we propose a regime diagram summarizing the
behavior of the system depending on the injection flow-rate, Q,
and also the volume of the chamber, Vc in which the air flows
before entering the nozzle at the bottom of the experiment (see
Figure 1A). Note that Vc includes all the air volume between
the gas flow controller and the injection point, and therefore
takes into account the volume of the pipes which bring the air at
the cell bottom. In most experiments (as in the 2D experiment
presented in this work), there is no chamber in the system, but
the tube length (in our case, about 0.03mL in total) should be
specified, as it may influence the degassing dynamics. Small Vc
tend to favor an intermittent degassing regime, while large Vc
favor the bubbling regime. This graph points out the importance
of this parameter, often neglected or which value is not
specified in similar experiments—although all experiments
have injection tubes whose volume should be carefully
determined.
3.3.2. Fingering and Fracturing
The previous determination of the bubble vs. intermittent
regime is based on pressure signal analysis only. Indeed, in the
3D experiment, it is not possible to visualize directly the air
pathway(s) through the immersed granular bed. In this last part,
we report qualitative observations of a new regime, in the 2D
experiment. For the smaller grains (d < 425µm), in a given
range of flow-rate, a peculiar dynamics was observed in the
stationary regime, inside the fluidized zone (Figure 8). In that
case, an air finger grows vertically, until reaching a critical height
h∗. Its velocity decreases up to this height. It then stops, but as
continuous air flow-rate is injected to the system, the pressure
increases in the finger, until the air suddenly fractures the above
grain layer.
The transition height h∗ between the fingering and fracturing
dynamics is quite reproducible over time, as the air crosses the
system. It is interesting to note that it coincides with a maximum
in the normalized flow density ρ, computed in the stationary
regime (Figure 8, right). We are not able at present to provide
an explanation for this spontaneous change of dynamics, which
shall be at the center of a future work.
FIGURE 7 | Different degassing regimes through an immersed
granular layer [3D experiment, d = 315–400µm, hg = 2cm,
hw = 10cm]. (A) For low flow-rate, successive bubbles cross the medium;
for high flow-rate, we report an intermittence between the bubbling and the
open channel regime. (B) Regime diagram when varying the chamber volume
Vc and the flow-rate Q [◦ = bubbles, N = intermittence]. The dashed line
indicates the transition between the two regimes. Due to the finite acquisition
time (1 min), it is sometimes difficult to infer the boundary with precision.
FIGURE 8 | Transition from an invading finger, and the fracturing of
the above granular layer [hg = 17cm, hw = 2cm, d =250–425µm,
Q = 2mL/s]. Left: Direct image showing the transition. Right: Normalized
flow density ρ in the stationary regime, pointing out the coincidence between
the fingering-to-fracturing transition, at height h*, and the zone exhibiting the
maximum of motion [stacking over 2000 images].
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4. Discussion and Conclusions
A thorough description of two-phase flow patterns (gas-liquid)
when injecting gas in a rigid, saturated porous medium has
been provided in the literature (see for example [48], [21]
and references within). These patterns—air bubbles, percolation
networks or air channels—mainly depend on the grain size, and
prediction attempts have been made by the in-situ air sparging
(ISAS) community. Typically, bubbles are characteristic of water-
filled media with pore size greater than about 4mm, air channels
form when the pore size is smaller than 0.5mm, and dendritic
invasion takes place for intermediate grain size [21]. Based on
the Uniform Soil Classification System [53], which provides a
classification of the different types of soils—in particular, their
average size—the transition zone happens for the medium to
coarse sands, making it possible to roughly predict the gas
patterns in a given soil.
To account for the physical mechanisms at stake when
considering three-phase, buoyancy-driven systems—in
particular, the invasion of a non-wetting fluid into a wetting-
fluid in a saturated porous medium under the influence of
gravity, we have to consider the relative importance of the
dominant forces in the system, i.e., buoyancy and capillary
forces. The Bond number, also called Eötvös number, has been
used traditionally to characterize multiphase flow in porous
media, and is defined as the ratio between gravity over capillarity
forces:
Bo =
1ρgr2p
γ
(4)
where 1ρ is the density difference between the liquid and gas,
g the gravitational acceleration, rp the characteristic pore size
and γ the liquid-gas surface tension. However, the pore size
rp cannot account simultaneously for the largest buoyancy and
the largest capillary overpressure to be overcome for the air to
propagate in the system. Indeed, the largest capillary overpressure
is governed by the narrowest interstice between grains, while the
largest buoyancy force is given, at the contrary, by the wider
pore space. Brooks et al. [48] proposed to introduce a modified
Bond number, which compares the buoyancy forces in the so-
called pore body (size rb), to capillary forces in the pore neck
(size rn):
Bo∗ =
(
1ρg
γ
)(
rb
3
rn
)
= Bo
α
(5)
where α = rn/rb is the ratio of the pore neck size to pore body
size, referred to as the aspect ratio [54]. In a crude approximation,
the typical size of the pore body is often taken as the grain radius
d/2, and rn = α(d/2), which gives a modified Bond number
Bo∗ = (1ρgd2)/(4γα). Although this dimensionless parameter
has been used previously to attempt a physical classification of
the flow patterns [21, 48], it is not always easy to determine, due
to the difficulty to determine the porous media aspect ratio [48].
Moreover, it does not take into account the pore size distribution,
which can strongly vary from one grain sample to the other,
even when the average size remains the same. It has already been
pointed out in the literature, although qualitatively, that the soil
heterogeneity—and not only the average grain size—may have a
strong effect on the efficiency of air sparging [20].
The parameter χ , introduced in previous works and
emphasized in Section 3.1, provides a way to quantify the
importance not only of the average grain size, but also of its
distribution [42–44]. Equation (1) shows that it is easy to estimate
from the granular medium or soil granulometry. From its other
formulation (Equation 2), it is possible to link it with the Bond
number, as χ = w/Bo, where w is the relative variation of the
pore size. It cannot be compared to the modified Bond number,
Bo∗ = Bo/α, as w here takes into account the heterogeneities in
the medium (grain size distribution and local packing fraction)
and their impact on the flow pattern, which is not the case for
α. In other words, χ can be considered as a polydisperse Bond
number. However, it is also based on the physics of rigid porous
media. Even if it succeeds in providing a general description of
the parabolic region explored by the gas, it does not account
for the grain motion, and the resulting coupling between the
solid, fluid and gas phase flow. A theoretical description of this
interaction would require a more complex formulation, and is
out of the scope of this article.
This work has reported new experimental results evidencing
an increase of the central fluidized zone extension on the
flow rate. In spite of the different physical mechanisms
at stake—percolation, fracturing, localized fluidized zone
above the injection nozzle or lateral fracture—in most
experiments, the fluidized zone boundary is always parabolic.
The only exception is for large grains (d = 710–965µm),
at low flow rate. The exploration of the regime diagram for
larger grains would be required to extend this description,
and attempt to propose a mechanism to account for this
difference.
We also introduced the normalized flow density, ρ, which
provides a quantification of the average motion in the granular
bed. It proves to be a useful tool not only to accurately determine,
in the stationary regime, the contour of the fluidized zone,
but also to image its transient growth. The detailed analysis of
this latter will be the topic of a future work. We evidenced
different degassing dynamics in the stationary regime, inside the
fluidized zone, and underline the importance of a parameter
often hidden in the experimental systems, the volume of gas
Vc available before the injection nozzle. For low flow-rate Q
or large Vc, air bubbles cross the deformable medium. For
large Q or small Vc, we observe an intermittence between
air bubbles, and open channels connecting the air nozzle
to the grains free surface. In this latter regime, a continues
degassing is observed, until the channel walls collapse, back to
a bubbling regime. Finally, a new regime was reported in the
2D experiment, with a transition between the growth of an air
finger and the fracture of the above granular layer at a given
height in the cell. Such patterns as fingering and fracturing
have been reported in the literature in deformable, saturated
porous media, when varying the grain volume fraction [40,
55, 56]. These patterns, however, were mainly described for
horizontal Hele-Shaw cell, in which buoyancy does not govern
the system dynamics. To our knowledge, it is the first time
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that a spontaneous transition between fingering and fracturing
is reported. Additional techniques of index-matching would be
required to check if this peculiar dynamics is a consequence of
the confinement by the lateral plates, or also occurs in the 3D
experiment.
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